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Introduction
Springtails are known to disperse in different ways. They are transported world-wide with soil particles and organic matter. They are found as "aerial plankton" (Palmén 1944) and have been stated to settle newly emerged islands by wind and perhaps also by water transportation (Krakatau: Womersley 1932 , Surtsey: Lindroth et al. 1973 . The colonization of primarily defaunate, freshly heaped dump areas of many square kilometres size is as instructive as that of islands, but easier to observe. Between 1996 and 1999 the settlement of springtails after aerial transport, their dispersal on the soil surface under the influence of wind, and their colonization of organic matter within the soil were investigated using the Berzdorf lignite open-cast district (Eastern Germany) as a test area.
Study sites and Methods

Study sites
Within the Berzdorf mine area, a 4-ha plot free from vegetation, previously prepared (but not used) for a waste-disposal site with a kaolin cover, was elected for immigration and dispersal tests. In the surroundings, 5-year-old afforestations with poplar and pine were present. Unfortunately, this plot was reverted into an afforestation area by the recultivation company in 1998. As a reference, the youngest heaped part of the Berzdorf mine area ("Endstellung", not far from the immigration plot, about two years old) was studied using soil samples and pitfall traps in 1996. The colonization of minicontainers was investigated in a 45-year-old part of the Berzdorf mine area ("Langteichhalde", LTH) with deciduous (mine site A) and primarily pine (mine site L) afforestation (Dunger et al. 2001) .
Methods
For the immigration tests, four plots of 1 m 2 each were filled with organism-and humus-free Pleistocene sandy loam from the geological overburden. One pair of plots was installed on the edge of a 5-year-old poplar plantation ("UF 2"). The other pair was installed more openly exposed in the centre of the open site ("UF 1"), 50 m from the first pair. The plots were fenced in with plastic planks to prevent immigration from the surrounding soil surface (Fig. 1) . Two of the test plots were equipped with wind barriers to increase the sedimentation ("UF 1 P", "UF 2 P"), two without ("UF 1K, "UF 2 K"). Five soil-core samples per test plot (each divided into 0-5 and 5-10 cm depths) were taken after 1, 2, 4, 8, 16, 32 and 64 days and subsequently every two months. From 14 May 1996 to 30 September 1997, the samples were extracted dynamically in the laboratory. For tests of dispersal of epigeic springtails, five normal pitfall traps and five drift-protected traps (Dunger & Fiedler 1997; Fig. 2) were used at plots UF 1 and UF 2 each, thus resulting in The colonization of organic matter was investigated using the minicontainer test (Eisenbeis 1998) . Ten minicontainer bars were inserted in 4-8 cm depth, each in crests and troughs at mine sites A and L from October 1997 to January 1999. At six-week intervals, one bar containing four minicontainers with 2000, 500 and 20 µm mesh size, resp., were taken from each stand (altogether four bars). The inhabitants were extracted using a thermoeclector, and the remaining organic material (poplar litter) weighed. Altogether, the test period covered 60 weeks. Because of the preliminary character of the observations presented here, a detailed statistical analysis is omitted. The dominance values are calculated according to Engelmann (1978) .
Results
Immigration test
The results of the immigration tests showed no significant differences between the test plots with or without wind barriers. Therefore, the figures of UF 1 K and P as well as UF 2 K and P, resp., were pooled in and, later, Parisotoma notabilis was observed in UF 1, of P. notabilis only in UF 2. As no other species of Mesaphorura was found in the respective sample, the juveniles of this genus can be ascribed at UF 1 to M. florae and to M. macrochaeta at UF 2. Nine species are proved at UF 1, 11 at UF 2, altogether 16 species. As a reference, the collembolan settlement of the youngest normally heaped site ("Endstellung"; about two years old) near the immigration test plots was investigated in 1996. Only three edaphic species were found: M. florae was eudominant, P. notabilis and Proisotoma minuta were recedent. The latter was never proved in the immigration test plots.
Dispersal of epigeic springtails
Epigeic springtails of the open kaolin-covered area around the immigration test plots were studied by normal pitfall trapping in combination with drift-protected traps. The results show four species that preferred the exposed area, whereas the majority of species indicated a more or less close relationship to the edge of the poplar plantation (Table 2) . Lepidocyrtus cyaneus behaved intermediately, but showed a distinct preference for drift-protected pitfall traps. 
Colonization of minicontainers
As part of litter-decomposition studies (see Methods), the colonization of minicontainers by soil microarthropods was investigated. As the humus layers of the deciduous mine site A and the initial pine mine site L have became so alike (due to site L beeing changed into a mixed wood over the last 30 years), the results of these two mine sites are partly pooled here. The same applies to the soil-surface profile, which contains crests and troughs (Dunger et al. 2001) . Springtails were by far the most numer- ous colonizers. They invaded in great numbers not earlier than after 30 weeks (Fig. 3) . Minicontainers with 2000-µm mesh size showed the lowest density of springtails, but exhibited (as did those with 500-µm mesh size) a colonization peak between June and August 1998. Surprisingly, minicontainers with 20-µm mesh size yielded by far the highest numbers of springtails from June 1998 onwards.
Folsomia candida colonized the minicontainers at nearly all sites as the eudominant species (Table 3) . In minicontainers from troughs of mine site L, mean numbers of F. candida were 1.6 (2000-µm mesh size), 5.9 (500 µm) and 27 (20 µm). In some cases (in autumn 1998), more than 100 specimen could be extracted from one minicontainer, colonizing only a remainder of about 150 mg dry mass of poplar litter. The species did not invade the 20-µm minicontainers until the 30th week. Most striking is the fact that F. candida was not found in the humus layer, except for three specimen from a total of 196 soil samples. Similar, but with a much lower density, was the distribution of Mesaphorura tenuisensillata and Protaphorura meridiata and, to some extent, of Proisotoma minima. The majority of species, however, behaved as expected: they showed high dominance in the humus layer and occurred at higher densities in the 2000-µm, but almost never in the 20-µm mesh size minicontainers ( 
Discussion
Aerial immigration and colonization
Since our studies were stopped by the activities of the mining company, we can only present preliminary results. In contrast to sampling dead or living arthropods in the air with sticky traps or other methods (Duelli et al. 1989) , we studied the arrival of living springtails after aerial transport in initial by fauna-free substrate at the starting point of primary succession. Little can be said about distance and direction of transport. The overall potential of invasive species can be roughly estimated by the list of springtails known from the surrounding Upper Lusatia and, more specifically, from previous records of Collembola at the Berzdorf mine district (Dunger 1968) . Species prone to aerial transport can not be distinguished from others. Tree climbing, as found in Australia and Indonesia (Farrow & Greenslade 1992; Blackith & Disney 1988 ) is irrelevant in Europe since tree-inhabiting species are strongly specialized and can never be found on open land. Thus, the origin of air transported arthropods and the question of a possible selection of certain species remain open. The main conclusion from our results is that there is nearly no relationship between the species composition of the surrounding collembolan fauna and the airborne settlers. With regard to the general process of immigration and colonization, all four plots showed the same results during the first month (Table 1) . Eight species were imported mostly as single specimen. Except for the dominate Bourletiella pistillum, these are not known as pioneers and were neither able to establish stable populations nor had they been found again during the following months. There is no explanation for the gap during the second month, particularly as this summer was fairly cool and humid rather than hot and dry. From the fourth month onwards, Parisotoma notabilis and Mesaphorura florae were continuously present and showed obvious propagation, especially the latter species. The position of the test plots had a clear influence: in UF 1 (in the bare area), the colonization of Parisotoma notabilis did not start before September 1997; in UF 2 (at the edge of the poplar plantation), their was no certain record of Mesaphorura florae at all. Apart from these colonizers, seven species were found only once within an entire year, thus beeing unable to colonize the plots. If the poplar plantation was the main source of immigrants, this could explain why Parisotoma notabilis arrived later and in smaller numbers in the plot further from poplar (UF 1) than in the closer plot (UF 2). The immigration tests revealed only two species that colonized from the fourth month onwards and 14 species introduced by wind drift but not able to colonize. In the literature, there are thematically comparable studies on the settlement of volcanic ashes or flat house roofs, but non with an adequate technique (Darius & Drepper 1983; Klausnitzer 1988) . Thus, the discussion focusses on the following questions: -Are the colonizers typical pioneers (initial species sensu Dunger 1991)? This is true for Mesaphorura florae which was found as the dominant species in the youngest heaped substrate ("Endstellung"). It was found for the first time in 1962 (as "Tullbergia krausbaueri" at "Außenhalde Berzdorf Nord") with a rapid propagation of up to 2000 individuals per m 2 (Dunger 1968) . The other expected initial species, Proisotoma minima, well known from the first stages of freshly mined areas as well as from the first invasion at Surtsey (Lindroth et al. 1973) , was not present in the test plots. On the other hand, Parisotoma notabilis was found as a dominant colonizer of the second stage of primary succession. It is linked with the first accumulation of organic matter (Dunger 1991 ).
-Have all colonizers been recorded ? Because it is unknown whether all immigrating species have been recorded, it cannot be stated whether further immigrating species occur. However, the question remains why there is no evidence of the most frequent initial species of the epedaphic springtails, Entomobrya lanuginosa. It was not found within the test plots, but it is known that E. lanuginosa can be recorded by soil cores. Therefore, this springtail is the only initial species that was expected, but not registered in the immigration tests.
-Which factors hamper unsuccessful invaders and enable colonizers? There is no evidence for unfavourable physical-chemical factors of the test plot substrate acting negatively against the development of springtail populations. Thus, the most important limiting factor may be food requirement. Many springtails are known to feed on pollen, algae or protozoans. This food is present from the first month onwards (Wanner et al. 1998 ). However, testate amoebae need five months to establish themselves (Wanner & Dunger 1999) . Exactly from this time onwards, two species of springtails were observed colonizing in UF 1 and only one in UF 2. If the presence of decaying organic matter and -possibly linked with it -fungi is the most important cause of colonizing success, the test plots UF 1 and UF 2 have to be regarded separately from this point on. During early autumn, single poplar leaves were blown into the test plots of UF 2, whilst UF 1 received nothing. Our present conception tends towards the presumption that the first colonizers (in this case: Mesaphorura florae, UF 1) are able to survive without such food. More demanding colonizers (here: Parisotoma notabilis, UF 2) are quickly promoted by the presence of such food. Interactions between springtail species and other initial colonizers during the first stages of colonization were not noticed.
Recording epedaphic springtails in an area exposed to air current
Accompanying the immigration tests, the settlement of an open, kaolin-covered area surrounding the test plots was recorded. It must be assumed that epedaphic springtails are scattered to a high degree by wind and rain. Recording collembolans by soil sampling was not thought to be an adequate method. Instead, the Collembola were trapped by two types of pitfall traps, normal and drift protected. None of these reflect the true density because they are influenced by active or passive movement (Dunger & Engelmann 1978; Dunger & Fiedler 1997) . Particularly drift-exposed species (Bourletiella pistillum, Isotomurus palustris, Sminthurides schoetti, Isotoma viridis) showed the highest numbers in normal pitfall traps, species with self-motile priority and a preference for sheltered areas (anachoresis) were found in high numbers in the drift-protected traps (Lepidocyrtus cyaneus, L. paradoxus, Orchesella cincta, O. villosa) . Species with higher individual numbers in normal traps in the open UF 1 area were found in lesser numbers in the drift-protected traps. This suggests that their higher numbers in the unprotected area UF 1 is a result of higher wind dispersal compared with UF 2, which was hidden at the edge of a plantation. The collembolan settlement on the vegetation-free, variably moist, kaolin-covered area is clearly distinct from that of the adjacent poplar plantation, as well as from the species inventory of vegetation-free young dump heaps. The latter is dominated by Entomobrya lanuginosa and -after two to four years -Hypogastrura assimilis and Ceratophysella succinea. These species were absent or very rare in UF 1 and 2. Bourletiella pistillum is replaced by B. hortensis. Nevertheless, nearly all of the trapped species are inhabitants of open land with a clear preference for pioneer sites. Only 6 of the 20 species were also found as infrequent invaders in the immigration test plots. There was no indication of an active immigration into the test plots from the surrounding area. Airborne transport over a very short distance appears plausible.
Endogeic invasion of poplar litter in minicontainers
The litter layer of the Berzdorf mine site LTH consisted of 20-40 % Populus sp. (hybrid) litter during the test period (Dunger et al. 2001 ). The same substrate was exposed in minicontainers at 4-8 cm soil depth. The first five species in Tab. 3 were more dominant in the minicontainers, which obviously exerted a "litterbag effect" (Crossley & Hoglund 1962) . This effect, although unknown in detail, is supposed to be caused by increased microbial decomposition. Chemical stimuli attract certain species of Collembola. As Fig. 3 shows, the microbial activity needed more than 30 weeks to become highly attractive to the "decomposer specialists" and/or effective for their reproduction. It is well known that Folsomia candida, though not very numerous in normal competitive communities, reaches high densities in decomposing organic substrates (Fromm 1998) , especially under experimental conditions. It is a regular inhabitant of mine-dump soils (Dunger 1968; Zerling 1990 ). More surprising is the behaviour of Mesaphorura tenuisensillata and Protaphorura meridiata, species which up to now have not been described as having such a property.
The results need to be discussed under methodical aspects. Eisenbeis (1998) introduced the minicontainer method as a refined litter bag test for the study of decomposition rates with regard to the different participation of parts of the soil fauna (entire fauna, exclusion of macrofauna and participation of microfauna only). We used orig-inal minicontainers from Eisenbeis and carefully checked the intact protection of the container opening by the gauze. According to the precaution rule of Törne (1997) , the application of the minicontainer test with original litter from the site was acceptable. During the first 30 weeks, a typical course of decomposition can possibly be stated. The immigration of microarthropods during this period was low, similar to observations by Keplin (1999) . A longer exposition of the minicontainers, unusual in comparable investigations, seems to lead to another state of decomposition, which creates "hot spots". Just at this time, an intensive litter breakdown was observed in the 2000-µm containers, whilst decomposition showed a normal, slow progress in the other containers (Dunger & Wanner 1999) . The collembolan numbers in containers with a larger mesh size decreased again in September -October. That was not the case in the 20-µm containers. Here, the density of Folsomia candida continued to be enhanced, as is thus far only known from compost (Chernova 1977) . It may argued that defaunation of the litter (drying at 60°C for a few days, see Törne 1997) was not successful. If so, the parthenogenetic Folsomia candida should have reproduced many times during the first 30 weeks, as it normally takes 4-6 weeks at 15 -20°C from egg to egg (Dunger 1983; Snider 1973) . Nothing like this could be observed. On the other hand, it is possible that freshly emerged juveniles can squeeze through the meshes, but cannot leave the container as adults. It cannot be excluded that females, attracted by chemicals, laid egg patches directly on the container gauze. However, such ideas appear speculative as long as only two series of minicontainers were investigated, even if longer than usual (60 weeks each).
